ABSTRACT Detergent-extracted BSC-1 monkey cells have been used as a model system to study the Ca2+ sensitivity of in vivo polymerized microtubules under in vitro conditions. The effects of various experimental treatments were observed by immunofluorescence microscopy. Whereas 
of up to 500 jiM, both the pattern and time course of disassembly are not markedly altered, suggesting that, within this concentration range, Ca2+ effects are catalytic rather than stoichiometric. Higher (millimolar) Ca2+ concentration results in rapid destruction of microtubules. Of other divalent cations, onl' Sr2+ has a slight depolymerizing effect, whereas millim'olar BaY+, Mg2+, or Mn2+ is ineffective. Disassembly induced by micromolar Ca2+ is inhibited by pharmacological agents known to bind to calmodulin and inhibit its function, suggesting that calmodulin mediates Ca2+ effects. Both the addition of exogenous brain microtubule-associated proteins (MAPs) after lysis and the retention of endogenous cellular MAPs normally extracted during the lysis step stabilize microtubules against the depolymerizing effect of micromolar Ca2+. The results indicate that, in this model system, microtubules are sensitive to physiological Ca2+ concentrations and that this sensitivity may be conferred by calmodulin associated with the microtubules. MAPs appear to have a modulating effect on microtubular Ca2+ sensitivity and thus may function as a discriminating factor in cellular functions performed by calmodulin. It is hypothesized that Ca2+-stimulated microtubule disassembly depends on the relative amount of MAPs.
Several important cellular functions depend on an ordered assembly and disassembly of microtubules. The factors controlling these processes are, however, not fully understood. Since the discovery of conditions for the reversible polymerization of microtubules in vitro (1) it has been suggested that the concentration of Ca2+ might be a regulator of the assembly/disassembly process. For the most part the evidence supporting this hypothesis is circumstantial. Kiehart and Inoue (2) microinjected Ca2+ into dividing sea urchin eggs and observed a local and transient reduction of spindle fiber birefringence. Likewise, ionophore-mediated Ca2' entry has been shown to reversibly affect the cytoplasmic microtubule complex of cultured cells (3) and microtubule-containing heliozoan axopodia (4). The concentration of Ca2' required to inhibit microtubule assembly in vitro apparently depends on the purification protocol used. Assembly in crude brain extracts is inhibited by near micromolar Ca2+ (1, 5, 6) , whereas the assembly of purified protein is sensitive to Ca2+ concentrations in the millimolar range only (7) . Interestingly, the sensitivity to micromolar Ca2+ of purified microtubule protein can be restored by a factor present in crude brain extracts (8) .
The discovery that calmodulin, a ubiquitous Ca2+-binding protein that regulates a number of Ca2+-dependent functions (for reviews, see refs. 9 and 10), influences microtubule assembly in vitro in a Ca2+-dependent manner (11) Antisera. The tubulin antiserum was a generous gift of Keigi Fujiwara. It was prepared according to procedures described elsewhere (15) . The antiserum against a Mr 210,000 assembly MAP isolated from HeLa cells was prepared as described (16) . Procedures for the isolation of a monoclonal antibody against MAP2 have been outlined (17) .
Preparation of MAPs. MAPs were separated from threetimes-cycled beef brain microtubules in a DEAE-Sepharose column according to Vallee and Borisy (18) . As judged by sodium dodecyl sulfate/polyacrylamide gel electrophoresis, the MAP fraction contained the high molecular weight MAPs and a number of low molecular weight proteins but very little tubulin (<10%).
Immunofluorescence Microscopy. Cells were fixed for immunofluorescence microscopy with 0.3% glutaraldehyde for 10 min in the buffer used in the step immediately preceding fixation. Coverslips were washed with phosphate-buffered saline and treated with NaBH4 (1 mg/ml) for 6-8 min (19) . After two additional washes with phosphate-buffered saline, cells were incubated at 370C for 45 min with the respective antisera, washed thoroughly, and allowed to react for 30-45 min with fluorescein-conjugated goat immunoglobulins specific for rabbit immunoglobulin. Coverslips were mounted on slides and viewed in a Leitz Orthoplan light microscope equipped with epifluorescence illumination.
Reagents. (Fig. 1 a and b ). It appears as if the microtubule complex gradually "melts" towards the cell center. By 5 min, only short microtubule segments are found near the nucleus, often associated in a radial fashion with a brightly fluorescent dot, probably the centrosome (Fig. lb) . However, microtubules do not depolymerize strictly from their distal ends, as is indicated by the presence of frequent breaks and microtubule fragments in the cell periphery, although frag- Within the range of 5-500 uM Ca2 , the pattern and time course of microtubule disassembly appears to be independent of the Ca2+ concentration, suggesting that within this concentration range Ca2+ effects are catalytic rather than stoichiometric. Only at 1 mM Ca2+ or above is microtubule breakdown accelerated and more irregular; after 1 min, only a few short fragments without any apparent connection to the centrosome are present (Fig. ic) . Microtubules are essentially stable at Ca2+ concentrations below 1 MuM (Fig. ld) .
The depolymerizing effect is highly specific for Ca2+. Of other divalent cations tested, only Sr2' at 0.5 mM induces microtubule disassembly; Mg2' at 10 mM-or Ba2' and Mn2+ at 1 mM are ineffective. The inclusion of a near-physiological concentration of KCI (100 mM) in the lysis medium and the Ca/ EGTA buffer does not alter microtubule stability or Ca2+ sensitivity.
The pattern of microtubule breakdown induced by other agents such as cold or Colcemid treatment (10MM) differs markedly from that induced by Ca2'. As already noted by others (20) , microtubule depolymerization does not occur with the degree of synchrony observed with the use of Ca2 . Rather, relatively long microtubules are observed throughout the cytoplasm, some of which may still reach the cell periphery (Fig. le) .
Calmodulin Inhibitors. To test whether a calmodulin-like molecule confers Ca2+ sensitivity to microtubules in lysed cells, four different pharmacological agents known to interfere with calmodulin-mediated processes were tested for their effect on Ca2+-induced disassembly. All agents used inhibited disassembly, although the concentration required to attain virtually complete inhibition varied ( Table 1 ). The order of potency of the drugs in inhibiting microtubule depolymerization conforms with their relative effectiveness in other assay systems (21) . All agents block microtubule disassembly induced by Ca2+ concentrations between 5 and 100 P.M but show little or no effect at Ca2+ concentrations equal to or greater than 1 mM. Effect of MAPs. As a possible factor involved in the control of Ca2+ sensitivity of microtubules, the role of MAPs has been investigated. By using an antibody directed against a Mr 210,000 assembly MAP isolated from HeLa cells that is specific for primate cells (22) , it has been shown that cell lysis induced by Triton sensitivity of microtubules has been tested in two different ways: (i) readdition of exogenous MAPs to microtubules of lysed cells, and (ii) retention of preexisting endogenous MAPs during the lysis process.
In the first approach, MAPs isolated from brain microtubules were added to the cytoskeletons at final concentrations of 0.1-0.2 mg/ml after Triton extraction. By using a monoclonal antibody directed against MAP2, it was shown that at least MAP2 did associate with BSC-1 cell microtubules (Fig. 1f) . Free Ca2+ at a concentration of up to 500 AuM had little or no effect on the integrity of these microtubules (Fig. lg) . Only Ca2+ at greater than 1 mM was capable of inducing depolymerization of MAPdecorated microtubules.
In the second approach, two conditions were discovered that help to retain preexisting cellular MAPs on microtubules of lysed cells. One is provided by the use of 4% (wt/vol) polyethylene glycol (Mr 20,000) in the lysis medium and the Ca/EGTA buffer. Microtubules of cells treated in this way will stain with antibodies against the Mr 210,000 HeLa MAP, and depolymerization induced by 10 or 100 ,M Ca2' is substantially slowed down or completely prevented. That in fact the retention of MAPs and not an unspecific protein stabilizing effect is the mechanism of polyethylene glycol action is suggested by experiments in which polyethylene glycol has been added to cytoskeletons after lysis and, hence, after removal of preexisting cellular MAPs. In that case, ,M Ca2+ will induce microtubule disassembly. The second condition involves the use of Brij 58 instead of Triton X-100 as detergent without any change in the composition of the lysis buffer or the extraction protocol. Like Triton, this detergent removes the plasmalemma, but the organization of the cytoplasm remains largely unchanged when compared to whole intact cells (24) . Also under these conditions the Mr 210,000 MAP is retained, and microtubules are stable in the presence of up to 100 ,uM Ca2+ (Fig. lh) . In cells first extracted with Brij 58 and subsequently treated with Triton X-100, micromolar Ca2' will induce microtubule depolymerization (Fig. li) (25) .
The increase of Ca2+ to [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] ,uM by local and transient release from intracellular stores is believed to be the mechanism that activates many Ca2+-dependent functions in a variety of cells (26, 27) . With respect to microtubule regulation, fluctuations in cytoplasmic Ca2+ in the physiological range could either prevent or allow for microtubule assembly, thus regulating the state of the microtubule system in the cell.
Many Ca2+-dependent processes require the presence of a Ca2+-sensitizing factor such as calmodulin (9, 10 
